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PROJECT 5108: A STUDY OF G ~ A S ~ P ~ - ~  
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Grant N s G  -555 
P r o j e c t  Leader:  G. L. Pearson 
S t a f f :  Yen-sun Chen 
The o b j e c t  of t h i s  p r o j e c t  i s  t o  e v a l u a t e  t h e  o p t i c a l ,  e l e c t r i c a l  and 
Among e v a l u a t i o n s  m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  GaAs x P 1-x a l l o y  sys t em.  
of p a r t i c u l a r  i n t e r e s t  t o  us  are the  i n v e s t i g a t i o n  of t h e  c r y s t a l  s t r u c t u r e  
and i t s  imper fec t ions  by t h e  Kossel  l i n e  technique  and by t h a t  of t h e  l a t t i c e  
abso rp t ion  s p e c t r a  a s  t h e  mole f r a c t i o n  of GaAs, x, v a r i e s  from 0 t o  1. 
The f i n a l  t e c h n c i a l  r e p o r t  N e .  5108-1 w i l l  
A paper  e n t i t l e d  " L a t t i c e  V i b r a t i o n  S p e c t r a  of 
T h i s  p r o j e c t  i s  completed. 
be  d i s t r i b u t e d  s h o r t l y .  
GaAs P S i n g l e  C r y s t a l s "  by Y. S .  Chen and G .  L. Pearson i s  be ing  prepared 
and w i l l  be  submit ted t o  t h e  Phys ica l  Review f o r  p u b l i c a t i o n .  
x 1-x 
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PROJECT 5109: EPITAXIAL GROWTH OF 111-v SEMICONDUCTOR COMPOUM)~ 
Nat iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Grant  N s G - 5 5 5  
Project Leader:  G .  L. Pearson 
S t a f f :  D .  H.  Loescher  
The purpose of t h i s  p r o j e c t  i s  t o  s t u d y  t h e  chemical ,  e l e c t r i c a l  and 
o p t i c a l  p r o p e r t i e s  of c o b a l t  a s  an impur i ty  i n  ga l l i um phosphide.  
A .  INTRODUCTION 
The s t u d y  of c o b a l t  doped gal l ium phosphide n a t u r a l l y  d i v i d e s  i t se l f  i n t o  
(1) t h e  m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  c o b a l t ,  ga l l ium,  t h r e e  p a r t s ,  namely: 
phosphorus t e r n a r y  system; (2)  t h e  e l e c t r i c a l  p r o p e r t i e s  of c o b a l t  doped ga l l i um 
phosphide c r y s t a l s ;  and (3) t h e  o p t i c a l  p r o p e r t i e s  of t h e  doped c r y s t a l s .  
S i n c e  work d u r i n g  t h e  p a s t  q u a r t e r  was concen t r a t ed  on t h e  t h i r d  p a r t  of t h i s  
p r o j e c t , t h e  d i s c u s s i o n  below i s  a summary of t h e  resul ts  of  our o p t i c a l  
measurements . 
B. EXPERIMENT 
Coba l t  was in t roduced  i n t o  ga l l ium phosphide s i n g l e  c r y s t a l s  by s o l i d  s t a t e  
0 0 
d i f f u s i o n  a t  t empera tu res  between 1100 C and 1250 C. A f t e r  d i f f u s i o n  t h e  
c r y s t a l s  were prepared  f o r  o p t i c a l  measurements u s ing  s t anda rd  l a p p i n g  and 
mechanical  p o l i s h i n g  t echn iques .  O p t i c a l  t r ansmiss ion  measurements were made 
a t  7 7 O K  i n  a Cary model 1 4 R I  r eco rd ing  spec t rophotometer ,  
d a t a  were c o r r e c t e d  f o r  r e f l e c t i o n  losses and t h e n  ana lyzed  t o  o b t a i n  t h e  ab- 
s o r p t i o n  c o e f f i c i e n t  a s  a f u n c t i o n  of wavelength and t h e  o s c i l l a t o r  s t r e n g t h s  
of t h e  most s i g n i f i c a n t  t r a n s i t  ions.  
The t r a n s m i s s i o n  
C . EXPERIMENTAL RESULTS 
The r e s u l t s  of t h e  o p t i c a l  measurements on two d i f f e r e n t  Co  doped c r y s t a l s  
a r e  shown i n  F i g s .  1 and 2. 
a f t e r  a d i f f u s i o n  a t  12OO0C, t h e  sample i n  F i g .  2 con ta ined  about  5 x 1017 Co 
p e r  cc a f t e r  a 123OoC d i f f u s i o n .  The p o s i t i o n s  of t h e  s t r o n g  peaks a t  12,200 
c m  a r e  t h e  same i n  both  c a s e s  t o  w i t h i n  exper imenta l  error. A comparison of 
Figs .  1 and 2 shows t h a t  t h e  shoulder  a t  12,475 c m - l  and t h e  peaks a t  12,370, 
12,640, and 12,770 c m  a l s o  appear  i n  bo th  samples.  T h i s  c o r r e l a t i o n  of peaks 
from sample t o  sample l e n d s  credence t o  t h e  observed s p e c t r a .  
The sample i n  F i g .  1 conta ined  3 x 1017 C o  p e r  cc 
-1 
-1 
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-1 The a b s o r p t i o n  nea r  8,000 c m  occu r s  i n  both  samples but  i s  no t  a s  s t r o n g  
or a s  w e l l  de f ined  a s  t h e  abso rp t ion  n e a r  12,300 c m  . On t h e  b a s i s  of t h e  d a t a  
shown i n  F ig .  2 t h e  c e n t e r  of t h i s  a b s o r p t i o n  peak h a s  been a s s igned  t o  8,000 c m  
F igure  2 a l s o  shows an  a b s o r p t i o n  cen te red  a t  9,400 c m  
been ass igned  t o  a d8 t r a n s i t i o n .  




w h i c h  has  t e n t a t i v e l y  
More measurements a r e  necessa ry  t o  v e r i f y  t h i s  
D. THEORY AND DISCUSSION 
The c r y s t a l  f i e l d  i n t e r a c t i o n  m a t r i c e s  of Tanabe and Sugano,as g iven  by 
McClurq have been solved t o  determined t h e  t h e o r e t i c a l  c r y s t a l  f i e l d  s p l i t t i n g s  
of d7  and d c o b a l t .  
Racah parameter  B a p p r o p r i a t e  for t h e  d7 c o b a l t  shown i n  F i g s .  1 and 2 have 
been determined from t h e  e igenvalues  of t h e  m a t r i c e s .  The p r e d i c t e d  l o c a t i o n s  
of t h e  d a b s o r p t i o n  peaks, assuming B = 287 c m  and Dq = '345 c m  , a r e  shown 
by ar rows  i n  F i g s .  1 and 2. More d a t a  must be acqu i r ed  be fo re  a s i m i l a r  c a l -  
c u l a t i o n  can be made f o r  t h e  peak t e n t a t i v e l y  ass igned  t o  c o b a l t  w i t h  a d 
e l e c t r o n  c o n f i g u r a t i o n .  The agreement between t h e  p o s i t i o n s  of t h e  expe r i -  
men ta l ly  observed abso rp t ions  a t  8,000 c m  and 12,300 c m  and t h e  p r e d i c t e d  
p o s i t i o n s  of t h e  a b s o r p t i o n s  i s  wel l  w i t h i n  t h e  l i m i t s  of  t h e  exper iments  and 
t h e  t heo ry .  
The va lues  of t h e  c r y s t a l  f i e l d  parameter  Dq and t h e  8 




The s t r u c t u r e  of t h e  abso rp t ion  a t  12,300 c m  i s  due t o  a combination of 
s p i n  o r b i t  and phonon e f f e c t s .  A c a l c u l a t i o n  i s  now i n  p rogres s  t o  t r y  t o  de- 
t e rmine  a t h e o r e t i c a l  shape f o r  t h e  a b s o r p t i o n  which could be compared wi th  t h e  
observed shape.  One r e s u l t  of t h e  p a r t  of t h e  c a l c u l a t i o n  a l r e a d y  completed is  
t h a t  t h e  Racah parameter  C p l a y s  a s i g n i f i c a n t  r o l e  i n  de te rmining  t h e  theore-  
t i c a l  shape.  More p r e c i s e l y ,  s i n c e  A t o  T t r a n s i t i o n s  a r e  t h e  only s y m m e -  
2 1 m 
t r i c a l l y  allowed e l e c t r i c  d i p o l e  t r a n s i t i o n s  f o r  d ' i n  a t e t r a h e d r a l  f i e l d ,  t h e  
a b s o r p t i o n  shape should be determined mainly by t h e  l o c a t i o n  of t h e  T1 l e v e l s .  
Also s i n c e  t h e  s p i n  quantum number should be a n e a r l y  good quantum number, except  
a t  c r o s s i n g s  of symmetr ical ly  s i m i l a r  l e v e l s  w i t h  d i f f e r e n t  s p i n ,  t h e  s t r o n g e s t  
t r a n s i t i o n s  must be from t h e  q u a r t e t  4A 2 
p r i n c i p a l l y  q u a r t e t - l i k e .  A d e t a i l e d  c o n s i d e r a t i o n  shows t h a t  t h e  l o c a t i o n  of 
such  l e v e l s  depends on C through t h e  s p i n  o r b i t  mixing of t h e  
2T l e v e l s .  To d a t e  only  t h e  C dependence of t h e  e n e r g i e s  of t h e  2T l e v e l s  
n e a r  T has  been determined,  
ground s t a t e  t o  t h e  l e v e l s  w h i c h  a r e  
4 T1 and t h e  
1 l 4  2 The q u a n t i t y  AE( Tl)/dC f o r  C from 4.0 t o  4.75 i s  1 
- 3 -  
. 
g i v e n  i n  Table  1 below. The c a l c u l a t i o n s  were made assuming Dq = 1.9 B. The 
l e v e l  T 
l e v e l  2T1 upper  has  a n  energy  of 47.5 B f o r  t h e  same C and Dq. 
h a s  a n  energy  43.8 B f o r  t h e  same v a l u e  of Dq. 
2 lower has  a n  energy  of 41.0 B f o r  C = 4.75 B and Dq = 1.9 B. The 
4 1 The T upper  1 
Tab le  1 
The e f f e c t  of C on t h e  e n e r g i e s  
of two of t h e  2T l e v e l s .  
Calcu la ted  f o r  Dq = l.9B 
1 
The p o i n t  of t h e  c a l c u l a t i o n s ,  a s  shown i n  Table  1, i s  t h a t  t h e  d e t a i l s  
of t h e  a b s o r p t i o n  s p e c t r a  a r e  probably much more s e n s i t i v e  t o  t h e  v a l u e  of  C 
t h a n  most a u t h o r s  would sugges t .  
E. CONCLUS I ON 
During t h e  l a s t  q u a r t e r  work on t h i s  p r o j e c t  cont inued  a l o n g  t h e  l i n e s  set 
f o r t h  a t  t h e  beginning  of t h e  p r o j e c t ,  w i th  emphasis on o p t i c a l  measurements,  
The r e s u l t s  of t h e s e  o p t i c a l  measurements have been d i scussed  above,  Work on 
t h i s  p r o j e c t  w i l l  cont inued  w i t h  t h e  i n t e n t i o n  of f i n i s h i n g  t h e  expe r imen ta l  
measurements by t h e  end of t h e  next q u a r t e r .  
- 4 -  
. PROJECT 5112: THE PROPERTIES OF RECTIFYING JUNCTIONS I N  GaAsxP1-x 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Grant  NsG-555 
P r o j e c t  Leader:  G. L. Pearson 
S t a f f :  S.  F. Nygren ' 
The purpose of t h i s  p r o j e c t  i s  t o  s t u d y  t h e  p r e p a r a t i o n  and c h a r a c t e r i -  
z a t i o n  of r e c t i f y i n g  j u n c t i o n s  i n  GaP and GaAs P I n  p a r t i c u l a r ,  w e  wish 
t o  r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  
j u n c t i o n s .  
x 1-x' 
A. INTRODUCTION 
T h i s  p r o j e c t  now h a s  a new s t a f f .  Because of t h i s ,  w e  have changed t h e  
long  range o b j e c t i v e s  of t h e  p r o j e c t  somewhat. During t h i s  q u a r t e r  w e  have 
decided upon t h e  gene ra l  g u i d e l i n e s  f o r  t h e  work t o  be done on t h i s  p r o j e c t ,  
and w e  have begun experiment a1 work. 
B. PLANS 
Recent ly ,  many i n v e s t i g a t o r s  have become i n t e r e s t e d  i n  t h e  p r o p e r t i e s  
of r e c t i f y i n g  j u n c t i o n s  i n  GaP and GaAs P There  a r e  a v a r i e t y  of u ses  
f o r  such junc t ions .  They i n c l u d e  l a s e r s ,  e l ec t ro luminescen t  d i s p l a y s ,  and 
s o l a r  cel ls  t h a t  should be u s e f u l  a t  t empera tures  a s  h igh  a s  300 or 40OoC. 
Thus, i t  seems a p p r o p r i a t e  f o r  us  t o  make some fundamental  s t u d i e s  about t h e  
n a t u r e  of t h e s e  r e c t i f y i n g  junc t ions .  
x 1-x' 
Our p l ans  n a t u r a l l y  d i v i d e  themselves i n t o  t h r e e  p a r t s .  F i r s t ,  w e  wish 
t o  i n v e s t i g a t e  t h e  c r y s t a l  s t r u c t u r e  of  t h e  GaP be ing  grown a t  t h i s  l a b o r a t o r y .  
We s h a l l  e p i t a x i a l l y  grow GaP c r y s t a l s  by  t h e  open t u b e  method t h a t  has  been 
developed by Chen and Loescher  [Refs. 3 and 41. 
e t c h a n t  which w i l l  r e v e a l  d i s l o c a t i o n  e t c h  p i t s  and o t h e r  imper fec t ions  i n  
t h e s e  c r y s t a l s .  W e  want t o  s tudy  t h e s e  d e f e c t s  and t h e  paramters  which i n -  
f l u e n c e  them. For i n s t a n c e ,  how do t h e s e  d e f e c t s  r e l a t e  t o  t h e  c r y s t a l  p l ane  
of t h e  s u b s t r a t e  upon which t h e  GaP grew; how do t h e y  r e l a t e  t o  t h e  c o n d i t i o n  
of t h e  growth f a c e  of t h e  s u b s t r a t e ;  how do they  r e l a t e  t o  t h e i r  d i s t a n c e  
from t h e  substrate-GaP i n t e r f a c e ?  These experiments  should h e l p  u s  t o  de -  
t e rmine  which of t h e  d e f e c t s  may be e l imina ted  by proper  growth condt ions ,  
Then w e  s h a l l  develop an 
1 
and which may be i n h e r e n t  i n  these c r y s t a l s  due t o  t h e  method of growth. 
These experiments  should a l s o  h e l p  us  e x p l a i n  some of t h e  p r o p e r t i e s  of t h e  
d i f f u s i o n  p rocess  i n  Gap. 
The next  s t e p  i s  t o  examine t h e  r e s u l t s  of v a r i o u s  methods of making 
r e c t i f y i n g  j u n c t i o n s  i n  Gap. Typcia l ly ,  one makes such a j u n c t i o n  by growing 
an n-type c r y s t a l  of GaP which i s  doped w i t h  s u l f u r  or t e l l u r i u m .  Then one 
d i f f u s e s  i n  z i n c  t o  form a p-type layer .  I n  gene ra l ,  t h i s  method has  
produced some r a t h e r  poor junc t ions .  They e x h i b i t  excess  forward r e s i s t a n c e ,  
excess  forward c u r r e n t ,  and a j u n c t i o n  capac i t ance  t h a t  seems t o  be about 
an o r d e r  of magnitude t o o  small [Ref. 51. Moreover, t h e  d i f f u s i o n  f r o n t s  
which form t h e s e  j u n c t i o n s  are u s u a l l y  not  p l a n e s  p a r a l l e l  t o  t h e  s u r f a c e  of  
t h e  c r y s t a l ;  t h e y  o f t e n  exhib i t  a l a r g e  d e n s i t y  of l o n g  s p i k e s  which p o i n t  
away from the  s u r f a c e  [see, f o r  example, Ref. 61. 
been a b l e  t o  e l i m i n a t e  t h i s  sp ik ing  i n  GaAs P bu t  t h e y  have not  y e t  made x 1-x’ 
t h e i r  methods known t o  t h e  pub l i c .  W e  w i s h  t o  understand t h e  mechanism f o r  
t h e  s p i k i n g  i n  j u n c t i o n s  i n  Gap, and then  w e  want t o  e l i m i n a t e  i t .  Our 
s t u d i e s  of c r y s t a l  d e f e c t s  i n  GaP should h e l p  us .  W e  a l s o  w i s h  t o  unders tand  
the  unusual  e l e c t r i c a l  p r o p e r t i e s  of t h e  j u n c t i o n s .  L a s t l y ,  s i n c e  there 
seems t o  be no r eason  o t h e r  than  h a b i t  f o r  d i f f u s i n g  z i n c  i n t o  GaP a s  an 
accep to r  impur i ty ,  w e  w i s h  t o  experiment w i t h  some o t h e r  accep to r ,  p robably  
C admi um . 
S e v e r a l  companies have 
The  t h i r d  p a r t  of our  p r o j e c t  w i l l  be t o  i n v e s t i g a t e  t h e  h igh  tempera ture  
p r o p e r t i e s  of r e c t i f y i n g  j u n c t i o n s  i n  Gap. I n  o r d e r  t o  do t h i s  w e  must f i r s t  
f i n d  dopants  which will not  d i f f u s e  apprec i ab ly  a t  300 - kOO°C. 
a l s o  f i n d  a way t o  make ohmic c o n t a c t s  t h a t  w i l l  no t  be des t royed  by  h i g h  
tempera tures .  
We must 
During t h e  cour se  of t h i s  p r o j e c t ,  w e  expec t  t o  extend our  r e s u l t s  from 
GaP t o  t he  GaAs P a l l o y s .  x 1-x 
C. EXPERIMENTAL WORK 
Our f irst  need i s  f o r  an e t chan t  which w i l l  y i e l d  p i t s  t h a t  correspond 
t o  d i s l o c a t i o n s  i n  Gap. Y. S. Chen d i d  some p r e l i m i n a r y  i n v e s t i g a t i o n s  of 
etch p i t s  i n  GaAs 
W e  have compared f o u r  e t c h a n t s  b y  observ ing  the i r  effects on a sulfur-doped 
by us ing  ho t  aqua r e g i a  a s  an e t c h a n t  [ R e f .  71. 
.9?.03 
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GaP c r y s t a l  t h a t  was obta ined  from D. H. Loescher .  The e t c h a n t s  were: 
1. 8g K Fe(CN)6: 12g KOH: lOOg H20 - use f o r  1 min 45 sec a t  b o i l i n g  3 
p o i n t  [ R e f .  81 ; 
Aqua Regia - use h o t  ( l i g h t  brown smoke r i s i n g  from l i q u i d )  for 
1 min 15 s e c ;  
2. 
3. 1 HF: 6 HN03: 10 H20: 1% AgNO [ R e f .  71; 
4. Concentrated s o l u t i o n  of i od ine  i n  methanol w i th  a t r a c e  of 
bromine - use  f o r  1 hour a t  room tempera ture  [Ref .  81. 
3 
Etchant  1 seems t o  be t h e  bes t  f o r  r e v e a l i n g  e t c h  p i t s .  Fig.  3 shows 
t h e  r e s u l t s  of t h i s  etch. The e t c h a n t  a t t a c k s  the  1111) P f a c e  much more 
v igo rous ly  than  t h e  [ 1 1 1 ) G a  face .  However, etch p i t s  and l i n e s  of etch 
p i t s  a r e  c l e a r l y  v i s i b l e  on both  f aces .  
Hot aqua r e g i a  a l s o  r e v e a l s  e t c h  p i t s  on both  f a c e s ,  bu t  i t  makes a much 
more g r o s s  p a t t e r n  on t h e  [ 111) P s i d e  of t h e  c r y s t a l ,  and i t  does not  re- 
s o l v e  t h e  i n d i v i d u a l  p i t s  i n  t h e  l i n e s  on t h e  [111) Ga face .  E tchant  3 
was o r i g i n a l l y  devised  f o r  use  on GaAs P which had a s i g n i f i c a n t  pe rcen tage  
of A s .  
r evea led  a t r i a n g l e  p a t t e r n  on both [111) f a c e s  but  d i d  n o t  r e v e a l  e t c h  p i t s  
c l e a r l y .  
x 1-x 
When i t  was used a t  i ts  b o i l i n g  p o i n t  f o r  2.5 minutes  on Gap, i t  
Etchant  4 d i d  n o t  r e v e a l  e t c h  p i t s  ei ther.  
f Next q u a r t e r  w e  s h a l l  grow s e v e r a l  GaP c r y s t a l s ,  doped and undoped, and 
6: i n  d i f f e r e n t  o r i e n t a t i o n s .  
KOH: H 0 s o l u t i o n  t o  r e v e a l  e t c h  p i t s .  W e  s h a l l  be looking  c a r e f u l l y  t o  see 
how t h e  e t c h  p i t  d e n s i t y  changes as  w e  look a t  p o r t i o n s  of t h e  c r y s t a l  
d i f f e r e n t  d i s t a n c e s  away from t h e  subs t r a t e -GaP  i n t e r f a c e .  S i n c e  GaP h a s  both 
a l a t t i c e  c o n s t a n t  and a c o e f f i c i e n t  of thermal  expansion t h a t  a r e  d i f f e r e n t  
f r o m  the  GaAs s u b s t r a t e ,  w e  expect  much s t r a i n  i n  the r e g i o n  of the  i n t e r -  
f a c e .  T h i s  may g i v e  rise t o  a l a r g e  d i s l o c a t i o n  d e n s i t y  t h a t  w i l l  be re- 
vea led  by  a l a r g e  etch p i t  d e n s i t y  n e a r  t h e  i n t e r f a c e .  Also, w e  w i l l  be 
i n t e r e s t e d  t o  see what e f f e c t  t h e  d i r e c t i o n  of growth of t h e  GaP c r y s t a l  h a s  
on t h e  etch p i t  d e n s i t y .  
These c r y s t a l s  w i l l  be etched i n  t h e  KFe(CN) 
2 ,  
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The purpose of t h i s  p r o j e c t  i s  t o  s tudy  t h e  p r o p e r t i e s  of GaP and 
GaAsxP1-x r e l e v a n t  t o  t h e i r  u s e  a s  semiconduct ing m a t e r i a l s .  
I n  t h e  l a s t  Review it  was pointed out  t h a t  c r y s t a l  f i e l d  t h e o r y  gave a 
good d e s c r i p t i o n  of t h e  e x c i t e d  s t a t e s  of s u b s t i t u t i o n a l  t r a n s i t i o n  meta l  
i o n s  i n  semiconductors .  I t  was a l s o  shown t h a t  t h e  parameters  appea r ing  i n  
t h e  theo ry  were c o r r e l a t e d  wi th  o t h e r  p h y s i c a l  p r o p e r t i e s  and t h a t  t h e  corre- 
l a t i o n s  could be used t o  p r e d i c t  c r y s t a l  f i e l d  parameters  i n  m a t e r i a l s  f o r  
which t h e  e x c i t e d  s t a t e s  a r e  unobservable ,  or h a w  n o t  y e t  been observed ,  
A s  a n  example of  t h e  use  of t h e  method w e  c a l c u l a t e  t h e  energy  l e v e l s  
of t h e  f i r s t  a c c e p t o r  s t a t e s  of 3dn i m p u r i t i e s  i n  GaAs and compare t h e  r e s u l t s  
w i th  t h e  expe r imen ta l  d a t a  of Hais ty  and Cronin .  From t h e  r e f r a c t i v e  index 
n and t h e  e m p i r i c a l  c o r r e l a t i o n  between n and p, t h e  Racah parameter  reduc- 
t i o n  f a c t o r ,  w e  f i n d  8 f o r  GaAs t o  be 0.32. The c r y s t a l  f i e l d  parameter  A 
is about  4000 c m - l  f o r  1 1 - V I  and 111-V m a t e r i a l s .  
t i v e l y  i n s e n s i t i v e  t o  t h i s  va lue ,  a v a r i a t i o n  of 1000 c m  i n  A g i v i n g  a 
v a r i a t i o n  of t h e  o r d e r  of 0.05 e V  i n  t h e  ground s t a t e  energy . )  
of d - o r b i t a l  b ind ing  energy p e r  u n i t y  i n c r e a s e  i n  n u c l e a r  charge  cou ld  be  
l e f t  a s  a parameter  t o  be determined by f i t t i n g  t h e  exper imenta l  l e v e l s  
t o  t h e  theory ,  bu t  t o  demonst ra te  t h e  p r e d i c t i v e  power of t h e  method w e  u s e  
t h e  v a l u e  o f  t h i s  q u a n t i t y  found f o r Z n S  by Al l en .  
11 
(The c a l c u l a t i o n s  a r e  r e l a -  
-1 
The i n c r e a s e  
1 2  
Express ions  f o r  t h e  ground s t a t e  e n e r g i e s  a r e  g i v e n  by Allen.12 Using 
t h e  v a l u e s  of t h e  parameters  ob ta ined  above, and a d j u s t i n g  t h e  a r b i t r a r y  
ene rgy  z e r o  t o  g i v e  t h e  observed l e v e l  f o r  GaAs:Co, t h e  f o l l o w i n g  v a l u e s  f o r  
t h e  p o s i t i o n  of t h e  impur i ty  l e v e l s  below t h e  conduct ion  band a r e  c a l c u l a t e d .  
Theory Experiment (1) 
V 0.21 e V  0.22 e V  
C r  0.84 0.73 
Mn 1.52 1.42 
Fe 0.57 1 .oo 
c o  1.36 1.36 
N i  1.19 1.31 
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7 The agreement i s  seen t o  be qu i t e  good except f o r  i ron.  There i s  reason 
t o  be l ieve  t h a t  i r o n  i s  not s i m p l y  s u b s t i t u t i o n a l  i n  i so l a t ed  l a t t i c e  sites 
i n  GaAs and t h e  discrepancy i n  energy l e v e l s  lends weight t o  t h i s  b e l i e f .  
It  i s  a l s o  poss ib le  t o  pred ic t  energy l e v e l s  by t h i s  method. For 
instance,  s u b s t i t u t i o n a l  d iva len t  t i tanium i n  GaAs should have a l e v e l  of 
0.38 eV below t h e  conduction band. 
ca lcu la ted  t o  l i e  within the  conduction band, and the re fo re  w i l l  not be a 
bound s t a t e .  
The corresponding l e v e l  f o r  scandium i s  
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Fig .  1 O p t i c a l  a b s o r p t i o n  a t  77 K due t o  c o b a l t  i n  a h e a v i l y  s u l f u r  doped 
GaP c r y s t a l .  Cobal t  d i f f u s e d  from one s i d e  a t  120OoC f o r  39 hours.  
0 
Fig .  2 O p t i c a l  a b s o r p t i o n  a t  77 K due t o  c o b a l t  i n  t h e  same c r y s t a l  a s  
used f o r  Fig.  1. Cobal t  d i f f u s e d  from both  sides a t  1250 K f o r  
24 hours.  
GaP e tched  f o r  1 min 45 sec  i n  a b b i l i n g  s o l u t i o n  of 8g KFe(CN) 
12g KOH: lOOg H20. 
0 
6:  Fig.  3 
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